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Abstract. This paper addresses the statistics underlyingTsay, 1990; Wild et al., 1995, 1996, and others). Despite
cloudy sky radiative transfer (RT) by inspection of the dis- its important role for the terrestrial climate, the amount of
tribution of the path lengths of solar photons. Recent studiesSW radiation absorbed in the clear and cloudy atmosphere is
indicate that this approach is promising, since it might revealstill poorly understood. Under cloudy skies, the poor under-
characteristics about the diffusion process underlying atmostanding is primarily due to either (a) deficits in understand-
spheric radiative transfer (Pfeilsticker, 1999). Moreover, iting atmospheric absorber characteristics (interstitial aerosol
uses an observable that is directly related to the atmospheriabsorption, water vapor line strength and continuum absorp-
absorption and, therefore, of climatic relevance. Howevertion or yet unknown absorption mechanism, such as water
these studies are based largely on the accuracy of the medimers) and (b) deficits in understanding the cloudy sky ra-
surement of the photon path length distribution (PPD). Thisdiative transfer (e.g. results presented at the recent Chapman
paper presents a refined analysis method based on high resGonference on Atmospheric Absorption and Solar Radiation,
lution spectroscopy of the oxygen A-band. The method isAGU 2001).

validated by Monte Carlo simulation atmospheric spectra. The present paper explores in more detail possibility (b)
Additionally, a new method to measure the effective opti- py presenting joint cloudy sky photon path length distribu-
cal thickness of cloud layers, based on fitting the measuregion and cloud optical thickness measurements, cloud struc-
differential transmissions with a 1-dimensional (discrete or-tyre data, and model calculations. The cloudy sky pho-
dinate) RT model, is presented. These methods are applieghn path length distribution measurements were performed
to measurements conducted during the cloud radar interhy means of high resolution oxygen A-band measurements
comparison campaign CLARE'98, which supplied detailed jn zenith scattered skylight. This type of measurement has
cloud structure information, required for the further analy- pheen developing rapidly in recent years (e.g. Harrison and
sis. For some exemplary cases, measured path length digyin, 1997; Pfeilsticker et al., 1998). Historically, cloudy sky
tributions and optical thicknesses are presented and backgshoton path length distributions have been shown to be ap-
by detailed RT model calculations. For all cases, reasonabl roximate'y gamma distributed in a homogenously (and in
PPDs can be retrieved and the effects of the vertical cloughe vertical innhomogeneously) scattering atmosphere (Van de
structure are found. The inferred cloud optical thicknessesyy|st, 1980; Marshak et al., 1995). From the very beginning

are in agreement with liquid water path measurements. jt was clear that scattering problems in real cloud covered
Key words. Meteorology and atmospheric dynamics (radia- atmospheres may lead to far more complicated PPDs since
tive processes; instruments and techniques) cloud covers tend to appear in patches, multilayers or even

as fractal cloud decks (e.g. Davis et al., 1996). Thus, real
scattering atmospheres require assumptions on the distribu-
tion of the individual step sizes, which are different from

the classical assumption of a well-defined exponential dis-

The deposition of the solar shortwave (SW) radiation is thet.”buuon’ the latter Ieadlng o the F:Iassma] diffusion assump-
tion for homogenous, optically thick media. Clearly, real at-

driving force of many atmospheric processes, such as atmo- h q ¢ fulfill thi i hile th ticall
spheric dynamics or photochemistry. Thus, it is a primarymoSp eres do not UM this assumption, while Ineoreticatly

factor controlling the climate of the globe (Stephens andtk_1ey are more I|ke_ly tp su_pport sm_:attenng statistics with indi-
vidual step size distributions which allow for more frequent

Correspondence tdD. Funk extreme step sizes. This lack of theoretical correctness in
(ofunk@montrouge.sema.slb.com) classical cloudy sky RT modelling led Davis and Marshak

1 Introduction
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(1998) to suggest Levy type diffusion, characterized by indi- The above relation is only valid for constant extinction, i.e.
vidual step size distributions decreasing according to powein an isotropic atmosphere. In the real atmosphere mainly the
laws (in contrast to the exponential distribution in Gaussianpressure and temperature dependenci@sasfdo introduce
diffusion), to be more appropriate in cloudy sky scattering a vertical anisotropy. For a general atmosphere the path in-
phenomena, a suggestion experimentally supported for mantegral in the exponent of Eq. (2) can be different for each
complicated cloudy sky cases by Pfeilsticker (1999) or re-photon trajectory. For an ensemble &fphotons the total
cently by Min et al. (2001). Previous oxygen A-band PPD transmissiorf is then given by the ensemble average:
measurements, however, were suffering from several limita- N .

t!ons, such as a limited temporal and, hence, ;patlal rgsquT _ 1 Zexp{_/ ! i (Dn; (1) dl} _ (4)

tion at the expense of a high spectral resolution, an insuf- N o 0

ficient spectral retrieval technique, and a lack of validation.
While overcoming the first limitation requires more sensitive ) ! )
instrumentation, being presently developed, the other limita-SiNce it requires the knowledge of each photon trajectory.

tions are addressed by the methodic improvement presentdjOreover.I” cannot be expressed as an explicit functioa .of
in this paper. The Laplace transformation ¢f(l) is, therefore, in general

not given by the transmissioras in Eq. (3). Equation (4)
can, however, be simplified approximately usipg) and a
2 Photon path length distributions, Beer's law and the ~ Mean absorption coefficieat
Laplace transformation

The right-hand side of this equation is highly complex,

o
T(o;, L) ~ T(@) = / p)exp(—a -1} dl (5)
The basic idea of cloudy sky geometrical path length distri- 0
butions is that the sequence of scattering events form a light This approximation introduces a systematic error, but its
path from which finally, only the total geometrical length is approximated validity can be tested by a Monte Carlo simu-
relevant. Extinction can then be regarded solely as gaseouation of the photon paths in a non-isotropic atmosphere (see
absorption along this path. Since multiple scattering is aSect. 4).
stochastic process, each photon will travel a different path.
The probability that a photon has travelled a total path length , i
I is given by the probability density function (PDF) of the S Nversion of the Laplace transformation

geometrical path lengths(?) (short PPD). The possibility ofretrieving the path length distribution from

1 1 measured transmissions is based on an accurate technique for
phdl = P( — Edl <L<lIl+ Edl) (1) the calculation of the inverse Laplace transformation. This
inversion is not straightforward. Direct techniques are un-
This distribution is only valid in absence of absorption, gyited (see Appendix A). Therefore, a constrained method
i.e. for the scattering processes only. In an absorbing atmommposing a priori assumptions on the analytical form of the
sphere, the transmission with respect to absorption, describeghth length distribution can be used. Most common in this
by the absorption cross sectiorand the number concentra- context is theGammadistribution. Van de Hulst (1980,
tion n, along a specific path of length is given by Beer's 17 2 3) shows that the photon optical path distribution for ho-

law. mogeneous slabs can be well approximated by Gamma dis-
L an tributions. Marshak et al. (1995) show that the distribution of

T(L) = exp{—/ on dl} L exp{—a L} (2)  the photon displacement at the point of escape from homo-
0 geneous, as well as horizontally fractal cloud layers, is well

approximated by Gamma distributions. The Gamma distri-
pbution (Eg. (6)) has two parameter$) and«, each being
functions of the first two moments of the PDF.

For constant extinction = on the total transmission of all
occurring paths is given by the integral over the path lengt
distribution weighted with the Beer factor expx!}.

0 1 eeq K _ (1)?
N - - m =

r@= [ pesi-adi=Lacph =@ @ 0= (oY OFTe ot we= s ©

0 K
This expression is formally equivalent to thaplace trans- The inversion problem is solved if the Laplace transfor-
formation £ of p(l) with respect tow. Thus:, Itls a con-  mation of the analytical expression of the PDF can be calcu-
sequence of the exponential form of Beer's law thia@l)  |ated. For the Gamma distribution it is given by:
is the Laplace transform of the PPD. This relationship im-
plies that the explicitly unmeasurable path length distribution 5(k) = 1 ) @)
can be derived by measuring the transmissions for differen{) (1 + Mky

K

absorption strengths and inverting the Laplace transforma-
tion. Techniques for this non-trivial inversion are discussed A more general, numerical method is based on accurate
in Sect. 3. forward modelling of the measured transmissions according
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Table 1. Scattering characteristics used for the radiative transfer models

Scattering events  Cross section/extinction Phase function
Rayleigh ors=4.02x10728/)404 cn (Nicolet, 1984) W (cosy)=3(1 + cof ¥), no polarization

. . _ 1-g° —
Aerosol LOWTRAN Spring/Summer, background (Isaacs et al., 1987) Henyey-Greensteos?) = I (8224 c0s0) 72! g=0.7
Cloud homogeneous, exponential step size distributips H, /7. Henyey-Greensteirg=0.85 water cloudg=0.7 ice clouds
Ground albedo 0.3 ¥ (cost)=2cosy, Lambertian

to Eq. (3). In this case any parameterized expression USINgaple 2. Results (momenta1,2) of the PPD retrievals for the first
parameterg; can be used as PDp(l) = f(/,a1,....an).  two moments using both PDF models for both cases. Also included
The parameters are then retrieved by applying a least-squargge the results of the direct fit to the MC PDF, see Fig. 1

fit of observed (measured or from radiative transfer models)

and forward modelled transmissions. Another well suited ~,se  PDEmodel Transmissions PDE direct  MC model

standard distribution is the log-normal distribution: my my my  mp  my  my
1 (Nl — M)? 1 Gamma 11.7 177 123 185 134 251
P =g 5= eXp{_ 552 } (8) 1 lognormal 120 196 135 258 134 251
2 Gamma 4.6 33 37 19 48 42
with parameters/ ands. 2 log-normal 4.7 39 45 37 48 42

The validity of these PDF models is tested with a Monte
Carlo model (see Sect. 4). For further analysis this numerical
method with Gamma and log-normal distributions as models

for p(1) are used. Additionally, two modifications pf/) are — Case 1: extended cumulus cloud

AMie = 15 m,g = 0.85

— Variable transformation . .
The path length is measured in units of vertical paths — C€ase 2: low level stratus cloud with thin cirrus
through the atmosphere. This is done by changing the ~ cloud base 1000myH = 1000 m,z. = 50,

independent variable from to thevertical optical den- Amie =20m, ¢ = 0.85
sityVOD = «-1,.,. This changes the independent vari- cloud base 7000m\H = 500m,z, = 5,
able ofp(1) from/tol’ = 1/1,.,. Sincex is not constant Apie = 100m,g = 0.7

in the atmospherd/ O D = f0°° a(z) dz is used instead.
with A H being the vertical cloud layer extent angy;. the
mean free path foMie scattering within the layer.

— Shift of the distribution The Monte Carlo model generates the photon trajectories
Since lengths of path shorter than one vertical pathpy simulating the elementary scattering processes listed in
through the atmosphere cannot occur for transmissiongple 1. A backward approach is used to save computation
the distribution is shifted by one vertical path By= time. The photon is injected into the atmosphere at the de-
I=lyerinold, orl” = I—1in new variables. Application tector position in zenith viewing direction. It is then traced
of the translation property of the Laplace transformation along its path. Upon escape from the model atmosphere, the
yields a factor ok~"“” in the Laplace transform (see probability for the last scattering to result in the direction to-
Eqg. (A3)). wards the Sun is calculated, and a statistical weight equal

to this probability is assigned to the trajectory. In order to
simulate the transmission, the optical densities at 15 wave-
4 Validation with a Monte Carlo radiative transfer lengths, located in the centers of oxygen A-band lines, are
model accurately integrated along the trajectories. For that to oc-
cur, the absorption cross section and number concentration
The method is validated by modelling the path length dis-are calculated according to a temperature profile taken from
tributions and transmissions for the atmosphere by a Monte radio sonde for a real measurement (see Sect. 5), the pres-
Carlo radiative transfer model. Since the inaccuracy of thesure is assumed to follow an exponentially decreasing pro-
approximation in Eqg. (5) strongly depends on the cloud sit-file. Additionally, the vertical optical density is integrated.
uation, i.e. mainly the vertical extent and vertical variability The parameters for the PDF model (Gamma or log-normal)
of the paths, two different typical cases are presented here: are then calculated by a least-squares fitting of the transmis-
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Fig. 1. The MC path length distributions and validation results for the two cases. Rajeisd(c) show exemplary photon trajectories

for the Cases 1 and 2 discussed in Sect. 4, respectively. The atmosphere is cut at the cloud top, axis units are in m. While panel (a) shows
the photon diffusion in the extended cloud layer, reflection between the two cloud layers can be seen in panel (c). T{® padéth

show the resulting path length distributions for 1 million photons. Path lengths are given in units of the vertical path. Panel (b) shows a
typical broad distribution, while the reflection between the two layers generate a bimodal distribution for Case 2. To fit these PDFs, a Gamma
distribution is used for Case 1 (b) and a log-normal distribution is used for Case 2 (d). Included is the results of a direct fit of the Monte
Carlo PDF with the PDF model (labelled as PDF direct). This comparison demonstrates the validity of the PDF model. Good agreement is
found for Case 1; however, the Gamma function cannot follow exactly the rising flank which starts at higher path lengths and is steeper. The
single peaked PDF model does not match the two modes of the distribution for Case 2. Finally, the results of the retrieval, using the modelled
transmissions, is included (labelled as result). For Case 1 the result is similar to the PDF direct result. For Case 2 there is quite a difference
between the two retrieved log-normal distributions. The result from the fit with the transmissions looks closer and the moments, see Table 2,
are better matched than for the PDF direct fit, which is “misled” by the bimodal form (continues next page).

sions resulting from the RT modeTf;¢) with those calcu- ond moment is underestimated substantially. For the Gamma
lated from the parameterized PDF model (discreteviiith i distribution this is a consequence of the fixed shape of the

points, correctly normalized) for af O Ds: distribution, as can be seen in Fig. 1b. It rises too fast for
N path lengths just above 1, while it decreases too fast around

Tyc(VOD) LSk Zl’(li’ {a;}) exp{=VOD -1} . (9) path lengths of 30. The log-normal model gives excellent
i1 results for the direct fit (Table 2) but similar results as the

The results are shown in Fig. 1 and Table 2. For Case 13@mma distribution from the transmission fit.
the path lengths are underestimated by approx. 10-15% us- For Case 2 the log-normal model fits the moments best.
ing the log-normal and Gamma distribution. Also, the sec-Excellent agreement is found, indicating that atmospheric in-
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Fig. 1. ... continues

homogeneity concerning temperature and pressure does nebrber in this spectral range) and the constant oxygen mixing
play a critical role, and Eq. (5) is a valid approximation. In ratio. Additionally, the absorption characteristics of oxygen
this case the transmission fit results in even better agreemeitre known very accurately. The key problem in the spectrum
in the moments than the direct fit (see Fig. (1d). evaluation is the insufficient resolution of the spectrograph.
To summarize this validation, it can be said that the choiceSince the true transmissions are required for the analysis of
of the PDF model appears to be more critical than the approxEg. (3), the measured spectrum must be corrected for resolu-
imation made for the isotropy. Even though the log-normaltion effects. Pfeilsticker et al. (1998) corrected the transmis-
distribution appears to be the better choice in all cases, irsions for the centers of a set of A-band absorption lines by
practice often the Gamma distribution is used due to a moreusing a curve of growth measured for direct light. However,
stable convergence behavior in the fit (see Sect. 5). the curve of growth is dependent on the path length distribu-
tion, since it modifies the line shapes of the absorption lines.
Therefore, this method introduces a systematical error. The
5 Spectrum analysis and instrumental setup refined method presented here solves this problem by first
modelling the true absorption line shapes for the current path
The transmissions for a wide range of absorption strengthdength distribution at high spectral resolution<(50-2 pm)
T(x), i.e. the Laplace transform of the path length dis- and then converting the whole modelled spectrum to the mea-
tribution (Eq. 3), can be measured by oxygen A-bandsurement resolution by convolution with the instrument func-
spectroscopy (e.g. Pfeilsticker et al., 1998; Harrison andtion (see Fig. (4). The spectroscopic model uses spectro-
Min, 1997). The main advantages of the oxygen A-bandscopic data from Ritter and Wilkerson (1987) and Gamache
(bt=F <« X3, 759-775nm) are the lack of interference €t al. (1998), and radio sonde atmospheric pressure and tem-
with other atmospheric absorbers (as oxygen is the only abperature profilesp and T, to calculate cross section spec-
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Fig. 2. Schematic view of the spectrum evaluation process. The critical spectral calculations are performed at high spectral resolution (for
100000 discrete wavelengths). The fit optimizes the parameters of the PDF mpdeThe spectroscopic model contains a Fraunhofer
reference. Additionally, terrestrial absorption above the cloud is separated from the actual cloud transmission, see Eq. (11). The convolution
to measurement resolution is a critical step. Any inaccuracy in the instrument function will be compensated for by an erroneous modification
of the PPD. The accuracy of the evaluation can be tested for direct light measurements, where a delta type PPD is expected.
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Fig. 3. (2)A sample for a measured and fitted spectrum with a typical residual. The oxygen spectrum consists of pairs of rotational lines. Also
contained are strong Fraunhofer lines, e.g. at 768.2 nm (Si ) and 770.1 nm (i) Mhe retrieved path length distribution corresponding to
the spectrum above. A Gamma distribution is used as PDF mogl@rrbrs are included.

tra,o; (T, p, A). Voigt line profiles and temperature corrected section with the layer column density, and summing up

line strengths are used for the individual rotational absorptionover the corresponding layers (the layer containing the cloud

lines, i, for 40 atmospheric layer$, The light path above top is added proportionally to both references).

the cloud is assumed to be straight with a incidence angle

uo (= cogSZA), with the Sun zenith angl§ZA). Absorp-  Ra/c(A) = Z Z cr - 0i (T, pr, ) (10)

tion above the cloud top can, therefore, be separated from i1

absorption occurring inside the cloud and below (scattering The modelled high resolution spectrum is calculated by:

above the cloud top is neglected). Therefore, two references

spectraR,,. for above and below the cloud top, respectively, 7 (1) = exp{—(F () + 1/no - Ra(M))} - Teioua (1)

containing the vertical optical depth (VOD) of all absorption

lines, are calculated by multiplication of the absorption crosswith the Fraunhofer referencé which accounts for spec-
tral structures in the sunlight and the transmission below the

(11)
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Fig. 4. (a)Cloud structure (backscatter ratio) measured by the 94 GHz cloud Radar MIRAB)LE .high cirrus cloud layer reduces the
mean photon path length compared to the clear sky, due to an increased probability for a nearly vertical path after a scattering event in high
altitudes.

cloud top, T.,4a, calculated using a discrete and correctly mainly a constraint of the low gain of the PDA detector used,

normalized PDF modeh(/;) with parameterga; }: since modern CCD detectors are much more sensitive. How-
npas ever, the problem of low photon statistics remains.) This in-

Totoud (V) = — Z pi. {a;}) expl—L; - R.(2)}. (12) tegre}non corresponds to an _mtensny—welghted temporal av-

N = eraging. Under the assumption of slow changes in the cloud

structure, the temporal averaging corresponds to a spatial av-
eraging over a scale, determined by the integration time and
the drift speed of the clouds (ergodicity). Additionally, the
diffusion inside the cloud leads to spatial averaging. The
size of this radiative smoothing scale (Marshak et al., 1995;
Savigny et al., 1999) is strongly dependent on the degree of
LA, {a) * fi LSF sy - {aj)* (13) inhomogeneity. In the case of a single, homog_en_eou_s cloud
layer, the mean lateral displacement for transmission is equal

In the retrieved PDF the photon path lengths are given ing'the |ayer thickness. More details on scales are discussed
units of the cloud top height. in Pfeilsticker (1999).
The instrumental setup is equivalent to the setup described A easured spectrum, together with the result of the eval-

in P_feilsti_ck_er et al. (1998)_' The s_ky light collected by a \ja4ion and the retrieved path length distribution, is shown in
zenith pointing telescope (field of view 086s conducted Fig. 3

by a quartz fiber via an optical band pass filter (771.4 nm,

FWHM of 11.2 nm) into an Echelle monochromator (Model

MPP1, Aerolaser, focal length 1250 mm, numerical apertureg  Cloud optical thickness

f/15.3, grating: blaze angle 65100 gr/mm). The spectral

resolution is 19.4 pm. The spectrum is recorded by a photoA second result of the above fit is the high resolution trans-
diode array detector (1024 channels, 4B, channel disper-  mission spectrunt,;,,q (1, {a;}*). These transmissions can
sion 4.1 pm), digitized (ADC resolution 16 bit) and stored be compared to those resulting from radiative transfer model
on a PC. The raw spectrum is corrected for electronic offsetcalculations. Here the 1-D discrete ordinate RT model DIS-
photo diode dark current and the overall spectral sensitivity ORT (Stamnes et al., 1988) is used. The absorption proper-
For further details on the measurements and evaluation, refdaies (g,) are constant and known. The scattering properties

This modelled spectrum is then convoluted ith the
instrument functiony; , and fitted to the measured spectrum,
1'% using a modified Levenberg Marquard method for the
least-squares fit, (Méret al., 1980), with théu,} being the
free parameters.

to Funk (2000). can be parameterized using the cloud optical thickngste-
Due to the low intensity of the zenith scattered light and fined as the vertical integral of the scattering coefficient
the high spectral resolution of these measurements, the spee; = fH, oy dz, or ast. = H./A., with the mean free path

tra must be integrated for typically 900 seconds. (This isinside the cloud, and the cloud geometrical thickness.
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Fig. 5. (a), (c)Cloud structure (backscatter ratio) and vertical (Doppler) velocity measured by the 94 GHz cloud Radar MIRACLE. In the
first Case (a) two pronounced layers can be found, while no clear layer borders are present in the second Case (c). In this case the cloud fill:
the sky between 300 m and 10 km and is internally more inhomogeng@mu¢d) The retrieved PPD for the two cases reflect the difference

in cloud structure. The distribution is broader for the first Case (b), as expected for two cloud layers, see Fig. 6 (Fig. 5 continues next page).

All other scattering properties are given in Table 1. Severalliquid water path (LWP) measurements, using the effective
cloud layers can be included. The free model parameters areadiusr, for the corresponding cloud type (Slingo, 1989):
the cloud optical thicknessés, ;} of these layers. A least-

squares fit is used to find tHe, ;}* for which the transmis- T, = §LWP_
sions from the RT model agree best with those gained from 2 7.
the PPD retrieval.

Toowa() "2 TR0 (). 50)  —  {z}* (14)

(15)

7 Results

Since the transmission at a certain wavelength is only de-
pending on the path length distribution, this method yieldsThe measurements presented here were conducted during
the equivalent optical thicknesses of homogeneous cloud laythe cloud RADAR intercomparison campaign CLARE’'98 at
ers which result in a similar path length distribution. This Chilbolton, Hampshire, UK (51.28, 1.43W, 84 m) during
optical thickness can be compared with thegained from  October 1998. The collocated zenith viewing 94 GHz cloud
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Fig. 5. ... continues

radar MIRACLE operated by GKSS (Geesthacht, Germany)increased. The direct light air mass factor (AMFL/ o) is
recorded detailed information about the cloud structure. Of2.4 for this measurement, and the retrieved mean path length
particular interest for this study is the vertical distribution of is 1.8 (always in units of the vertical path), which agrees with
the cloud layers and the cloud top height. The cloud base ishe expectation. The exact form of the PPD is determined by
measured accurately by a ceilometer. Additionally, data col-the PDF model; however, a maximum probability for nearly
lected by a microwave radiometer operated by TUE (Eind-vertical paths is reasonable for this case.
hoven, Netherlands) was used to retrieve the cloud liquid
water path. The sum of these complementary measurements Figure 5 shows the cloud structures and retrieved PPDs for
form a good data set to study the effect of cloud structuretwo subsequent measurements. During the first measurement
on the radiative transfer. Some exemplary cloud cases aré09:31-09:46 UT), two separated extended cloud layers are
presented here. observed. The weak structure between these layers results
from precipitation originating from the upper layer. Since
Figure 4 shows the result for a relatively thin cirrus cloud the larger precipitating drops cause a superproportional large
layer in about 8 km height. A high cloud layer is expected backscatter signal (the backscatter ratio depends on the par-
to reduce the mean photon path lengths for zenith viewingticle diameterd to the sixthd®), the radar signal between
geometry, since the probability for a vertical path is largely the cloud layers around 09:35UT is presumably caused by
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350 — 1 Case 1 (00:31) - Table 3 F\fesults' for the cloud optical thickness from the fit of the
300 ] [ Case 2 (09:46) ] transmissions with the 1-D RT model (left half) and from the LWP
_ i measurements (right half). For the RT model, asymmetry factors of
250 — — 0.85 and 0.7 were used for the lower and upper layer, respectively
? 200 - -
o . . Layer[m] | t. rr At.rr || Type WP  re | Temw
g 1501 ] [mm]  [um]
L 100 = 09:31 144 17 035 365 | 144
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Pathlength
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Fig. 6. Monte Carlo path length histograms calculated for the two

measurements given in Fig. 5, using the cloud optical thicknesses

from Table 3. The distributions show the same qualitative behavior

as observed. The distribution is broader for the case of separatefieved optical thicknesses is not as good. However, this is

layers (1) compare to the case of one compact layer (2). not surprising given the variability of these parameters even
for the same cloud type and the degree of inhomogeneity
found, especially in the second case.

optically thin rain, Fig. 5a. During the second measurement As a last case, Fig. 7 shows a single low level cumulus
(09:46-10:01 UT), heavy precipitation falls out of the upper cloud layer between 300 m and 3300 m. Typically for these
layer, closing the gap between the two layers. An inhomoge-<clouds is that the cloud base and top are well-defined, while
neous mixture of cloud and rain emerges from the cloud baséhere is a great degree of internal inhomogeneity and large
at 300 m (from ceilometer) to the cloud top at 9000 m with 9aps. The retrieved optical thicknesstis = 44.7 & 2.0.

no clear borders, Fig. 5¢c. This transition from a two-layer The path length distribution resulting from the transmissions
stack to a single extended layer is reflected by the retrievedrom the RT model is included in Fig. 7, together with the
PPDs. While the mean path length remains nearly constarfietrieved PPD. Both the PPDs agree within the error. A dif-
(I) = 11.6, the distribution is wider in the first case and more ferent shape, resulting from the plane-parallel model and the
concentrated around the mean for the second case. This easurement, is not found for this case (within the errors), in
also seen in lower second momentsiéf = 217 for the first ~ agreement with findings reported by Portmann et al. (2001).
distributions compared t¢/2) = 199 for the second case. The mean LWP from the microwave radiometer is approx.
The broadening of the distribution for two separated cloud0.3mm. For a mean optical depth of 44.7, this LWP trans-
layers can be explained by reflections between the cloud laylates into a mean effective radius of Afh, which is a typ-

ers which dominate the radiative transfer in this case, whileical value for stratocumulus or cumulus clouds (Sc 2/Cu,
for a compact layer the photon path lengths are more cenStephens, 1979). However, the mean free path for the whole
tered around the diffusion mean path length. layer is 67 m. This value is much longer than the typical

This behavior is verified by Monte Carlo simulations for mean free path of 10-15 m for Sc 2 or Cu ClOUdS'_ This en-
these two cases. Therefore, the optical thickness of the cloufj@nced mean free path might be explained by the inhomoge-
layers was derived using the method described in Sect. gheous dlstrlbut|on of th_e liquid water content. For this case
The results are displayed in the left half of Table 3, markedtn€ cloud inhomogeneity only seems to prolong the mean
ast. rr. Total cloud optical thicknesses of 144 and 197 are €€ Path, but has apparently no effect on the shape of the
found for measurement 1 and 2, respectively. These optica'f’PD'
thicknesses are used in the MC model described in Sect. 4,
to generate path length histograms, Fig. 6. The measured conclusions
shapes of the PPDs are qualitatively well reproduced by the

MC model. With the presented improved method for oxygen A-band
Finally, the retrieved cloud optical thicknesses are com-PPD measurements, a validated tool for the investigation of
pared to the LWP data from the MW measurements. Thecloudy sky radiative transfer statistics is at hand. The ana-
measured mean LWPs for the two cases are 0.35mm anlyzed cases already provide a taste of the new information
0.65mm, see Table 3. Using Eqg. (15) and the retrieved cloudhat can be obtained, and the analysis which is possible pro-
optical thicknesses, this results in reasonable values for thgided an extensive data set, such as for CLARE’98. The ef-
vertically averaged effective radii of 3.68n and 4.96:m fect of vertical cloud inhomogeneities on the path length dis-
for Cases 1 and 2, respectively. Using the geometrical thicktribution could be measured and reproduced qualitatively by
ness and LWP ang, for standard cloud types reported by Monte Carlo RT model calculations. Effective cloud optical
Stephens (1979) (Scl, St1, St2), the agreement with the rehicknesses for equivalent horizontally homogeneous layers
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Fig. 7. (a)Cloud structure for an inhomogeneous cumulus cloud figldPPDs derived from the measurement and from the 1-D RT model.
Both distributions agree within the error.

were retrieved using a 1-dimensional (1-D) radiative trans-ential equations by reducing the level of transcendence of the differ-
fer model. For the presented measurements, no significargntial equation, see Bellman et al. (1966). A basic property of the
difference between the measured and 1-D modelled PPDkaplace transformation is the invariance under transformation both
could be observed, even for a horizontally inhomogeneoudn x andk space.

cloud cover. We argue that this is likely due to smoothing ef-

fects caused by the long averaging time, the main remainingZ{f (x — )} = e~ L{f (x)} (A2)
limitation of the method. By increasing the temporal or spa- L{e "% f(x)} = f(k +1) (A3)

tial resolution to scales smaller than the radiative smoothing

scale, the path length distribution measurements may help 1,y girect inversion techniques for the Laplace transformation

to unrave_l the statistics underly?n_g the C|Ol_1dy sky radiative gre given here; however, neither of them is suited for the spectro-
transfer, i.e. whether and when it is a classical or anomalouscopic measurements.

(e.g. Levy-type) diffusion process.
Complex Integration
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where C is a carefully chosen contour. In particular, fik) is
known along a parallel to the imaginary axis, the inversion is given

by:

Appendix A Direct Inversion of the Laplace transfor-
mation

The Laplace transfornof a complex functionf (x) of the complex _
. . . c+it

argumenty is given by: £ = lim i / + P K gk (A5)
s 1—00 2701 Jo—is

F = Ll fl = [ e o dx (A1)

0 if the limit converges. This formulation is known as tBeomwich

if the integral converges. The main application of the Laplace trans-integral. This method is applicable since only the real part of the
formation as a linear integral transformation lies in solving differ- Laplace transform is given by the measured transmissions.
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For weak absorbers, i.e. < I >« 1, the first order approximation
yields the well-known relation:

t=—INTra<l> (Al11)



